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	 	 comparisons	between	conditions	at	each	epoch	for	muscle		 	
	 	 groups	of	the	contralateral	(non-exercised)	leg	during	the		 	 	
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Table	3.2.3	 ANTICIPATION	EFFECT:	Force	and	EMG	(RMS)	of	the		 	 63	








Figure	3.1.1		 MVIC	Force:	Peak	normalized	force	across	conditions	for		 	 55	
	 	 Dominant	and	Non-Dominant	(non-exercised)	leg		 	 	 	
	 	 extensions	
	























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Epoch 1:  
0-5s 
-0.21 0 -0.04 0.29 0.25 -0.04 
Epoch 2: 
5-10s 
-0.18 0.18 0.14 0.42* 0.4* -0.04 
Epoch 3: 
10-15s 
-0.23 0.22 0.16 0.54* 0.44* -0.06 
Epoch 4: 
15-20s 
-0.19 0.13 0 0.45* 0.26 -0.13 
Epoch 5: 
20-25s 
-0.33* 0.18 -0.05 0.67* 0.34 -0.25 
Epoch 6: 
25-30s 











	 EPOCH	2	 EPOCH	3	 EPOCH	4	 EPOCH	5	 EPOCH	6	
KN-FATIGUE	 98	 100	 99	 100	 99	
UNK-FATIGUE	 95	 99	 98	 100	 100	
KN-CONTROL	 51#	 76	 85	 80	 70#	






































































































































































































































































KN-fatigue	 Force	 54.25	kg	(14.12)	 46.69	kg	(12.52)	 -13.9%	 -0.64*	
	
VM	EMG	 0.72	mV	(0.3)	 0.56	mV	(0.24)	 -22.5%	 -0.67*	
	
RF	EMG	 0.68	mV	(0.2)	 0.51	mV	(0.22)	 -25.4%	 -0.79*	
	
VL	EMG	 0.84	mV	(0.44)	 0.6	mV	(0.37)	 -27.9%	 -0.63*	
	
BF	EMG	 0.072	mV	(0.038)	 0.067	mV	(0.04)	 -7.5%	 -0.13	
UNK-fatigue	 Force	 51.79	kg	(12.21)	 41.99	kg	(10.03)	 -18.9%	 -0.98*	
	 VM	EMG	 0.75	mV	(0.25)	 0.56	mV	(0.19)	 -25.6%	 -1.02*	
	
RF	EMG	 0.66	mV	(0.18)	 0.52	mV	(0.16)	 -21.7%	 -0.87*	
	
VL	EMG	 0.75	mV	(0.44)	 0.58	mV	(0.33)	 -22.7%	 -0.52*	
	
BF	EMG	 0.067	mV	(0.028)	 0.054	mV	(0.019)	 -18.9%	 -0.68*	
KN-control	 Force	 55.21	kg	(13.76)	 47.51	kg	(12.7)	 -13.9%	 -0.62*	
	 VM	EMG	 0.76	mV	(0.33)	 0.58	mV	(0.23)	 -23.3%	 -0.77*	
	
RF	EMG	 0.7	mV	(0.22)	 0.51	mV	(0.2)	 -27.5%	 -1*	
	
VL	EMG	 0.76	mV	(0.34)	 0.56	mV	(0.28)	 -33.6%	 0.68*	
	
BF	EMG	 0.076	mV	(0.031)	 0.061	mV	(0.031)	 -20.1%	 -0.49*	
UNK-control	 Force	 55.13	kg	(12.73)	 46.87	kg	(14.45)	 -15%	 -0.54*	
	 VM	EMG	 0.72	mV	(0.3)	 0.6	mV	(0.25)	 -16.8%	 -0.48*	
	
RF	EMG	 0.71	mV	(0.21)	 0.56	mV	(0.19)	 -20.5%	 -0.75*	
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VL	EMG	 0.85	mV	(0.45)	 0.65	mV	(0.4)	 -23.7%	 -0.51*	
	
BF	EMG	 0.069	mV	(0.024)	 0.063	mV	(0.032)	 -8.6%	 -0.03	
	
	
2.3.2.4	-	Endurance	Time	
The	mean	endurance	time	for	the	UNK-fatigue	condition	was	42.05	seconds,	
compared	to	43.83	seconds	for	UNK-control	(Std.	dev.	=	5.26;	Std.	dev.	=	11.45,	
respectively).	An	independent	samples	t-test	confirmed	that	the	difference	in	endurance	
time	between	the	two	unknown	endpoint	conditions	was	insignificant	(t(26)	=	-0.514,	p	=	
0.611).			
	
2.3.2.5	-	Force	at	30	seconds	
The	force	at	the	30-second	point	of	the	strength-endurance	test	was	compared	
across	all	conditions	and	no	condition	effect	was	found	(F(3,	54)	=	1.252,	p	=	0.300).	
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2.4	DISCUSSION	
The	findings	of	this	study	demonstrate	that	prior	knowledge	of	test	endpoint	had	
an	impact	on	the	expression	of	NLMF.	Significant	anticipatory	decreases	in	force	and	
muscle	activity	were	seen	across	all	conditions	when	comparing	pre-MVIC	to	epoch	1	
measures.		These	anticipatory	decreases	were	largest	in	magnitude	for	UNK-fatigue	(-
18.9%	MVIC	force,	-25.6%	RMS	of	VM).	Evidence	for	NLMF	was	apparent	with	force	and	
muscle	activation	deficits	with	the	strength-endurance	test,	which	contrasted	with	the	
force	potentiation	that	occurred	with	the	single	MVIC	post-test.	During	the	strength-
endurance	test	the	UNK-fatigue	condition	progressively	produced	lower	force	(epochs	5	
and	6)	and	muscle	activity	(VM:	epochs	4-6;	RF	and	VL:	epoch	6)	compared	to	KN-fatigue	
through	the	last	15	seconds	of	the	strength-endurance	test.		In	addition,	UNK-fatigue	
consistently	demonstrated	lower	force	and	muscle	activity	(12%	lower	overall,	21.6%	at	
epoch	6)	than	KN-control.			
The	anticipatory	drop	in	force	and	EMG	from	pre-MVIC	to	the	first	epoch	of	the	
strength-endurance	test	provides	strong	evidence	of	a	knowledge	of	task	endpoint	
effect	on	pacing.		Participants	understood	that	the	duration	of	the	MVIC	and	strength-
endurance	tests	would	be	different	(informed	of	a	single	5s	MVIC	versus	30s	for	known	
or	unknown	for	strength-endurance	test).	It	is	therefore	likely	that	maximal	output	was	
inhibited	by	a	conscious	or	subconscious	decision.	Participants	anticipated	a	longer	
duration	of	effort	and	greater	discomfort	with	the	strength-endurance	test	by	
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suppressing	their	initial	force	output.	Anticipation	of	greater	discomfort	with	evoked	
stimulation	has	been	shown	to	reduce	MVIC		and	RMS	EMG	output	(Button	&	Behm,	
2008).	The	extended	duration	of	the	contralateral	fatigue	protocol	may	have	magnified	
this	apprehension,	as	well	as	reduced	the	participant’s	energy	to	exert	self-control	
(Baumeister,	2002;	Hagger	et	al.,	2010).	Both	would	contribute	to	less	than	maximal	
output	during	the	strength-endurance	test.	Despite	strong	encouragement	to	provide	
maximal	effort,	subjects	commonly	utilize	pacing	strategies	and	suppress	maximal	forces	
until	expectation	of	a	final	repetition	/	effort	(Halperin	et	al.,	2014a;	2014c).			
Consistent	with	previous	research,	the	longer	duration	(strength-endurance)	test	
demonstrated	significant	NLMF	effects	versus	a	single	MVIC.	At	various	points	
throughout	the	strength-endurance	test	of	the	contralateral,	non-exercised	limb,	both	
fatigue	conditions	produced	less	force	and	muscle	activity	than	the	control	conditions.	In	
contrast,	the	MVIC	test	(single	contraction)	following	the	fatigue	protocol	produced	a	
potentiation	of	force	(UNK-fatigue)	and	muscle	activity	(both	fatigue	conditions).	When	
participants	knew	they	only	had	a	5	second	effort	(MVIC),	it	appears	they	were	able	to	
maintain	or	even	increase	their	central	motor	drive	(in	response	to	contralateral	
fatigue).	When	participants	were	expecting	to	perform	a	longer	duration	test	(30s	for	
KN,	or	unknown	duration	for	UNK),	reductions	in	muscle	activation	were	more	evident.		
It	is	likely	that	the	known	endpoint	conditions	provided	higher	motivation,	which	
has	been	shown	to	enhance	self-control	and	help	overcome	performance	impairments	
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due	to	fatigue	(Hagger	et	al.,	2010).		A	prevailing	view	of	self-control	is	that	it	is	a	finite	
resource	like	strength	or	energy,	and	becomes	less	effective	when	depleted	
(Baumeister,	2002;	Hagger	et	al.,	2010).		This	‘strength	model’	of	self-control	places	
great	emphasis	on	prior	task	performance	and	fatigue	on	our	ability	to	exercise	self-
control	(Hagger	et	al.,	2010).		The	effects	of	fatigue	and	motivation	on	self-control	and	
task	performance	are	largely	suggested	to	be	interactive	(Muraven	&	Baumeister,	2000),	
which	appears	to	be	the	case	in	our	study.	
Participants’	pacing	strategies	through	the	strength-endurance	test	were	
comparable	to	those	in	studies	completed	by	Halperin	et	al.	(2014a;	2014c).	Halperin	et	
al.	(2014a)	noted	a	more	marked	decrease	in	force	during	the	first	6	MVICs	(13%)	across	
all	conditions,	and	a	plateau	in	force	over	the	last	6	MVICs	(3%	decrease).	Both	of	our	
fatigue	conditions	reduced	force	output	into	epoch	2	before	plateauing.		The	control	
conditions	displayed	a	more	gradual	loss	of	force	output	into	epoch	3	or	4	(UNK-control)	
before	plateauing,	and	even	rebounding	in	the	case	of	KN-control.	Muscle	activity	
remained	fairly	stable	throughout	the	strength-endurance	test,	with	most	significant	
differences	occurring	when	comparing	epoch	1	and	6	for	the	known	endpoint	conditions	
(VM	and	VL).		
Given	the	maximal	and	fairly	brief	(~30s)	nature	of	the	strength-endurance	test,	it	
can	be	argued	there	was	limited	opportunity	for	centrally	mediated	pacing	strategies	to	
be	employed	(Shephard,	2009;	Weir	et	al.,	2006).		Peripheral	feedback	has	been	noted	in	
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previous	research	to	be	the	key	mediator	of	performance	impairments	at	maximal	
intensities	or	shorter	durations	(Amman	et	al.,	2013;	Shephard,	2009;	Weir	et	al.,	2006).		
Our	findings	of	test	duration	and	known	versus	unknown	endpoint	effects	demonstrate	
that	central	factors	can	provide	an	impact	at	this	intensity	and	duration.		Similar	to	our	
study,	Halperin	et	al.	(2014a;	2014c)	examined	pacing	while	manipulating	the	
participants’	prior	knowledge	of	test	endpoint.		They	found	MVIC	forces	in	trained	
females	were	significantly	higher	in	a	deception	condition	during	the	first	6	MVICs,	
compared	to	known	and	unknown	conditions	(Halperin	et	al.,	2014a).	Following	a	similar	
procedure	with	both	sexes,	they	again	found	that	the	deception	condition	was	
significantly	higher	during	the	first	6	MVICs,	but	only	compared	to	the	unknown	
condition	(Halperin	et	al.,	2014c).		Both	studies	found	no	differences	between	conditions	
over	the	last	6	MVICs	of	the	12	MVIC	protocol.		The	deception	condition	they	employed	
was	essentially	a	known	endpoint	condition	with	a	shorter	expected	duration	(they	then	
kept	being	deceived	and	encouraged	to	continue).	Their	findings,	consistent	with	those	
of	the	present	study,	reveal	that	even	when	every	effort	is	intended	to	be	maximal,	
higher	forces	can	be	produced	when	an	individual	is	aware	of	a	more	immediate	and	
known	endpoint.	
The	similar	endurance	times	between	fatigue	and	control	groups	for	our	strength-
endurance	test	is	in	agreement	with	Kawamoto	et	al.	(2014),	who	found	no	difference	in	
time	to	task	failure	between	control	and	contralateral	pre-fatigue	conditions	(40%	and	
70%	MVIC	fatigue	protocols	used).	They	followed	a	similar	isometric	knee	extension	
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endurance	test,	but	task	failure	was	set	at	70%	pre-test	MVIC	as	opposed	to	60%	in	our	
study.		Although,	Amann	and	colleagues	(2013)	noted	a	decrease	in	endurance	time	
following	a	contralateral	knee	extensor	fatigue	protocol,	they	used	a	longer	duration	
cycling	test	(5-10	minutes)	for	their	endurance	protocol.			
When	examining	the	influence	of	different	muscle	groups,	the	VM	and	VL	
contributed	most	notably	to	the	aforementioned	force	changes.	Both	the	VM	and	VL	
displayed	significant	changes	that	regularly	paralleled	and	in	some	cases	preceded	
significant	changes	in	force.		The	greater	sensitivity	to	change	observed	in	muscle	
activity	compared	to	force	suggests	that	changes	in	central	drive	and	excitability	
mitigated	other	performance	impairments.	Research	has	demonstrated	that	central	
excitability	changes	occur	in	response	to	developing	fatigue,	even	in	the	absence	of	
visible	performance	deficits	such	as	loss	of	force	(Aboodarda	et	al.,	2015a,	2015b;	Behm,	
2004).	
It	has	long	been	established	in	the	literature	that	changes	in	neural	drive	due	to	
fatigue	are	often	demonstrated	by	changes	in	the	amplitude	of	the	RMS	EMG	signal	
(Edwards	&	Lippold,	1956;	Moritani	et	al.,	1982).		The	nonlinear	relationship	between	
force	and	RMS	EMG	is	well	documented,	especially	at	high	forces,	and	may	help	to	
explain	some	of	the	magnitude	discrepancies	between	force	and	RMS	EMG	seen	in	this	
study	(Kamen	&	Gabriel,	2010;	Woods	&	Bigland-Ritchie,	1983).	The	varying	response	of	
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force	and	EMG	indicates,	however,	that	different	changes	in	neural	drive	and	central	
excitability	occurred	in	reaction	to	the	conditions.		
Higher	muscle	activity	exhibited	with	post-test	MVICs	indicate	a	possible	
enhancement	of	central	motor	drive	(Amman,	2011),	while	lower	values	throughout	the	
strength-endurance	test	suggest	a	decrease	in	supraspinal	motor	output	(Aboodarda	et	
al.,	2015a).		While	the	known	versus	unknown	endpoints	were	designed	to	investigate	
cortical	factors,	it	is	difficult	to	specify	what	physiological	mechanisms	were	
predominant.	Aboodarda	et	al.	(2015a)	did	not	observe	any	change	in	MVIC	force	
following	bilateral	elbow	flexor	fatigue,	but	normalized	VL	RMS	EMG	did	decrease	
significantly.	Their	analysis	included	thoracic	motor	evoked	potentials	(TMEPs)	and	
maximal	compound	muscle	action	potentials	(Mmax)	in	order	to	more	directly	examine	
central	excitability	changes.	They	concluded	that	supraspinal	motor	output	had	
decreased	given	that	spinal	motoneuronal	responses	(TMEP	/	Mmax)	were	higher	and	
peripheral	excitability	(compound	muscle	action	potential)	did	not	change.	In	another	
study,	Aboodarda	et	al.	(2015b)	again	did	not	find	changes	in	force	or	EMG	of	
contralateral	elbow	flexors	in	response	to	a	unilateral	elbow	flexion	protocol.		Their	
analysis	of	motor	evoked	potentials	(MEPs)	and	cervicomedullary	motor	evoked	
potentials	(CMEPs)	indicated	an	increase	in	supraspinal	responsiveness	(higher	
MEP/CMEP	ratio)	might	have	mitigated	performance	impairments.		
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Peripheral	fatigue	and	its	accompanying	afferent	feedback	can	modify	central	
excitability	through	various	mechanisms	(Amann	et	al.,	2013).		Inhibition	by	Renshaw	
cells,	Golgi	tendon	organs,	and	type	III	and	IV	afferents,	or	decreased	excitation	of	Ia	
afferents	have	all	been	shown	to	stimulate	changes	in	central	excitability	and	
performance	(Behm,	2004).		It	is	accepted	that	force	may	be	sustained	through	a	
number	of	mechanisms,	and	that	they	may	occur	simultaneously	(Behm,	2004).		
Increased	motor	unit	recruitment,	modulation	of	rate	coding,	the	inclusion	of	catch-like	
properties,	alterations	in	motor	control	and	neural	and	post-activation	potentiation	have	
been	demonstrated	as	effective	neuromuscular	strategies	for	maintaining	force	output	
(Behm,	2004).	Peripheral	feedback	mechanisms	are	likely	working	in	conjunction	with	
cortical	influences	of	mental	fatigue	and	prior	knowledge	of	endpoint	to	modulate	
performance	in	this	study.		
	
2.5	CONCLUSION	
In	accordance	with	previous	research	in	this	area	(Doix	et	al.,	2013;	Halperin	&	
Behm,	2015),	this	study	demonstrated	that	a	high-intensity	and	high-volume	fatigue	
protocol	can	produce	NLMF	effects.	Additionally,	the	longer-duration	test	provided	
clearer	indications	of	performance	decrements.	Most	importantly,	the	present	study	
revealed	that	prior	knowledge	of	test	endpoint	can	modify	NLMF	expression	and	result	
in	different	pacing	strategies.	Based	on	our	results,	changes	in	central	drive	and	muscle	
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activity	appear	to	be	test	specific,	and	can	effectively	modulate	NLMF	related	force	
decrements.		
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